Kim et a I. Nanoscale Research Letters 2012, 7:634 
http://www.nanoscalereslett.conn/content/7/1/634 



O Nanoscale Research Letters 

a SpringerOpen Journal 



NANO EXPRESS 



Open Access 



In situ-grown hexagonal silicon nanocrystals in 
silicon carbide-based films 

Tae-Youb Kim^", Chul Huh\ Nae-Man Park\ Cheol-Jong Choi^ and Maki Suemitsu^" 



Abstract 

Silicon nanocrystals (Si-NCs) were grown in situ in carbide-based film using a plasma-enhanced chemical vapor 
deposition method. High-resolution transmission electron microscopy indicates that these nanocrystallites were 
embedded in an amorphous silicon carbide-based matrix. Electron diffraction pattern analyses revealed that the 
crystallites have a hexagonal-wurtzite silicon phase structure. The peak position of the photoluminescence can be 
controlled within a wavelength of 500 to 650 nm by adjusting the flow rate of the silane gas. We suggest that this 
phenomenon is attributed to the quantum confinement effect of hexagonal Si-NCs in silicon carbide-based film 
with a change in the sizes and emission states of the NCs. 
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Background 

Silicon-related low-dimensional structures such as Si 
nanocrystals (Si-NCs) have shown great potential in the 
development of next-generation devices. When Si-NCs 
are made smaller than the free-exciton Bohr radius of 
bulk Si, they behave as quantum dots [1-3] with various 
energy states that can be tuned using carrier confine- 
ment in all three dimensions. These quantum properties 
of Si-NCs have the greatest impact when they are em- 
bedded in a wide-gap dielectric matrix, the structure of 
which is quite intriguing in the field of Si optoelectronics 
and third-generation photovoltaics [4,5]. 

Among such wide-gap dielectric matrices for optoelec- 
tronic and photovoltaic devices are Si carbide-based films. 
These films are considered to have one of the most prom- 
ising top (window) layers due to a high transparency to 
photons absorbed by an underneath layer of Si-based 
junctions as well as to the conductive nature of the 
material. Moreover, when Si carbide-based film includes 
Si-NCs, the combination will certainly have further 
advantages. One such advantage is a lower barrier height 
caused by a lower bandgap of Si carbide (approximately 
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2.5 eV) compared to Si oxide (approximately 9 eV) and 
Si nitride (approximately 5.3 eV), which brings about 
an increased tunneling probability between Si-NCs 
[5-7]. Other advantages include the easy formation of 
minibands between Si-NCs and a higher Bloch carrier 
mobility [3,8]. 

To fabricate Si-NCs in Si carbide-based dielectric 
matrix structures, high-temperature (T > 1,100°C) post- 
deposition annealing of a Si-containing amorphous di- 
electric film (i.e.. Si oxide. Si nitride, and Si carbide) has 
been commonly used. However, this high-temperature 
process may pose a serious challenge in the development 
of a device fabrication process [9]. In this regard, we 
have developed a method for the in situ fabrication of 
Si-NCs during the deposition of Si nitride-based matri- 
ces [10-12]. However, no attempt has yet been made to 
create a Si carbide-based matrix, which forms the motiv- 
ation of this study. 

Another interesting subject related to the formation of 
Si-NCs is the control of Si polytypes [13-15]. It is well 
known that Si crystallizes into a cubic-diamond struc- 
ture under normal growth and treatment conditions. 
However, Si is also known to have several polytypes that 
are stable only at high pressure. Among these Si poly- 
types, hexagonal-wurtzite Si is important as it sometimes 
appears in stressed amorphous Si and has enhanced 
non-linear optical properties for novel optoelectronic 
applications [13-15]. 



^ Spri 



ringer 



© 2012 Kim et al.; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.Org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction 
in any medium, provided the original work is properly cited. 



Kim et a I. Nanoscale Research Letters 2012, 7:634 
http://www.nanoscalereslett.conn/content/7/1/634 



Page 2 of 5 



In this study, we demonstrate the in situ formation of 
hexagonal Si-NCs during the preparation of a siUcon 
carbide-based matrix film at 250°C. The optical gaps of 
the Si-NCs have been characterized using photolumines- 
cence (PL). Finally, we discuss the size effect of hex- 
agonal Si-NC on its quantum confinement of carriers. 

Methods 

Plasma-enhanced chemical vapor deposition (PECVD) 
[10,12] with methane (CH4, >99.999%) and silane (Ar- 
diluted SiH4, >99.9999%) as the reactant gases has been 
employed to form a Si carbide-based dielectric film. 
Oxygen atoms are incorporated from the ambient envir- 
onment, as we will see later. The total pressure and 
power of the plasma are 0.5 Torr and 5 W, respectively. 
The use of this low plasma power and highly diluted 
source gas is proven to be essential in the in situ forma- 
tion of Si-NCs in amorphous Si and Si nitride-based 
matrices [10,12]. A Si(lOO) wafer was employed as the 
sample substrate, whose temperature during deposition 
was fixed at 250°C. The CH4 flow rate was fixed at 
10 seem, while the SiH4 flow rate was varied from 
10 to 60 seem to modulate the growth rate of the film. 
This variation in the SiH4 flow rate controls the size of 
the Si-NCs. The size and erystallinity of the Si-NCs 
were characterized through high-resolution transmission 
electron microscopy (HRTEM) using a Tecnai G2 F20 
instrument (FEI Co., Hillsboro, OR, USA) operated at 
200 kV. To investigate the energy band of the Si-NCs, 
we conducted PL measurements at room temperature 
using a He-Cd (325 nm) laser for the excitation. The 
chemical composition of the matrix film was investi- 
gated using Fourier-transformed infrared spectroscopy 



(FTIR; IFS66V/S and HYPERION 3000, Bruker, Ettlingen, 
Germany). 

Results and discussion 

Figure la,c shows HRTEM images of the deposited 
film. In Figure la, the sample was grown using the gas 
flow rates of SiH4/CH4 = 20:10 seem, and the average 
size of the Si-NCs is approximately 7 nm. In Figure Ic, 
the sample was grown using the gas flow rates of SiH4/ 
CH4 = 60:10 seem, and the average size of the Si-NCs 
is approximately 9 nm. Most of the Si-NCs are in a 
crystalline state, as evidenced by the lattice fringe shown 
in the HRTEM image as well as from the spotty pattern 
shown in the selected area of electron diffraction from 
one of the crystallites (Figure lb). The diffraction pattern 
was determined to be caused by a (0001) -oriented hex- 
agonal Si crystal [14,16]. From the diffraction pattern, 
the plane separation is determined to be d(10 I 0) = 
3.31 A, which is in good agreement with the established 
value (3.29 A) for the hexagonal Si phase (JCPDS: Powder 
Diffraction File #80-0005). 

The chemical composition of the dielectric matrix 
changes with the SiH4 flow rate. Figure 2 shows a series 
of FTIR spectra for three different SiH4 flow rates. The 
intense absorption bands at 780 to 800 cm"^ and 1,030 to 
1,040 cm"^ are assigned to the Si-C and Si-O stretching 
modes [17,18], while the bands at 1,250 to 1,260 cm"^ 
and 2,120 to 2,150 cm"^ are assigned to the Si-CHs and 
Si-H stretching modes [17-19]. The dominance of the 
Si-O band, as well as the absence of C=0 bonds (ap- 
proximately 1,700 cm"^), indicates that the film is of a Si 
carbide-based matrix with most of the oxygen atoms 
bonded to Si atoms. Although we do not exclude the 
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Figure 1 Cross-sectional HRTEM images of the Si-NCs embedded in a silicon carbide-based film, (a) Approximately 7-nm and (c) 
approximately 9-nm Si-NCs, enclosed by red circles for easy identification, (b) Selected area of the electron diffraction pattern from the portion 
indicated in (a). Presence of (OOOl)-oriented crystallites of the hexagonal silicon phase is confirmed. 
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Figure 2 Fourier transform infrared spectroscopy spectra. The 

spectra as a function of SiH4 flow rate at a fixed CH4 flow rate of 

10 seem. Four absorption peaks were observed, and the peak 

intensities varied with the SiH4 flow rate. 
\ J 



presence of Si-O-C bonding, its absorption peak at 1,125 
cm"^ is very faint. The incorporation of oxygen atoms 
may be due either to the low purity of the nitrogen gas 
used to vent the reactor chamber or to the incorporation 
of oxygen atoms from the rather high (10"^ Pa) base pres- 
sure of the PECVD system. The very slow (<2 nm min"^) 
growth condition necessary to realize the in situ formation 
of Si-NCs [10,20,21] accelerates the incorporation of oxy- 
gen atoms. However, the Si-O peak intensity increases 
with the SiH4 flow rate. This is best understood in terms 
of the stronger bonding between Si and O atoms, which 
can be observed in these very slow growth conditions. 

The growth mechanism of Si-NCs in a Si carbide- 
based film may be identical to the in situ formation of 
Si-NCs in amorphous Si [20] and Si nitride-based matrix 
films [10,12]. Namely, the key condition is the low rate 
of film growth, which can be acquired by low plasma 
power as well as by a high dilution of the source gas. 
Under optimum conditions, the Si nanoparticles are dis- 
persedly formed in the matrix films during the film 
growth [12,20,21]. The Si nanoparticles formed are then 
transformed into nanocrystalline Si by hydrogen radical 
diffusion from the amorphous Si nanoparticles [10,12]. 
It is then likely that the structure of the Si-NCs is influ- 
enced by their surrounding matrix at the moment of 
crystallization. Namely, one possible mechanism for the 
formation of hexagonal-wurtzitic Si-NCs is the sur- 
rounding oxygen and carbon atoms (network) inducing 
sufficient stresses on the nuclei [13,15]. 

One of the most intriguing electronic properties in 
semiconducting nanostructures is the tunability of the 
bandgap based on their sizes. Figure 3a shows a series of 
PL spectra obtained for materials grown using SiH4 flow 
rates of 10, 20, 40, and 60 seem with a fixed CH4 flow 
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Figure 3 Piiotoluminescence spectra, (a) The spectra of samples 
grown by changing the flow rate of SiH4 gas at a fixed CH4 gas flow 
rate of 10 seem and (b) PL peak positions as functions of the flow 
rates of SiH4 gas. 



rate of 10 seem. With an increase in the silane flow rate, 
the peak position shows a redshift (see also Figure 3b). 
The possible origin of the PL emission is three-fold in 
our samples: (1) recombination at Si dangling bonds of 
defects, (2) recombination in the surrounding amorph- 
ous SiC-based matrix, and (3) recombination between 
quantized conduction and valence band states within the 
Si-NCs. Among the three, the first possible origin is de- 
nied because Si dangling bonds cannot have the 
observed variation in the PL energy [22]. The second 
possible origin is also denied because the optical band- 
gap of a-SiC-based film, and hence the PL energy, 
should increase with the incorporation of carbon or oxy- 
gen into the matrix in this model [23,24]. As we will see 
in Figure 4, however, the PL energy decreases with the 
increase of the oxygen content in the matrix. 

We suggest the third possibility, the quantum confine- 
ment effect, being the most likely origin of the PL emis- 
sion. As we have seen in Figure la,c, the PL redshift 
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Figure 4 Relative FTIR absorption peak intensities of Si-0 
stretching mode and PL bandgap energy. As a function of the 
SiH4 flow rate. 



with increasing SiH4 flow rate (Figure 3b) is accom- 
panied by enlargement of the Si-NC size. This tendency 
between the PL energy versus Si-NC size d is consistent 
with the reported value based on the quantum confine- 
ment effect of A + B/d^2 with A = 1.475 eV and B = 38.5 
(A is the bulk bandgap of the hexagonal crystal silicon, 
and B is the confinement parameter) [10,13,21], although 
further HRTEM observations are needed to determine 
the intermediate d values required for a more detailed 
analysis. Still, this A value is in reasonable agreement 
with the theoretical value of the direct-gap energy of ap- 
proximately 1.48 eV by Joannopoulos and Cohen [25] 
and the experimental value (PL gap energy) of approxi- 
mately 1.45 [13] both for hexagonal-wurtzite Si crystal. 

The FTIR results of the Si-O peak intensity and PL 
spectra provide further support for the dominance of the 
quantum confinement effect. Figure 4 shows the relative 
FTIR absorption peak intensities of the Si-O stretching 
mode and the PL bandgap energy as a function of the 
SiH4 flow rate. As the SiH4 flow increases, the PL energy 
decreases while the Si-O mode intensity increases. In- 
creasing the Si-O peak intensity means the increase of 
the oxygen content in the matrix, and it means the in- 
crease of the optical bandgap. The lowering of the PL 
energy, however, despite the increase of the oxygen con- 
tent in the matrix, clearly indicates the dominance of the 
quantum confinement effect in determining the PL en- 
ergy of the Si-NCs. We can therefore suggest that the 
hexagonal Si-NCs may have a tunable bandgap energy 
based on their size through the quantum confinement 
effect. 

Conclusions 

We investigated the in situ formation of Si-NCs during 
the growth of the surrounding Si carbide-based film 
through PECVD using methane (CH4) and silane (SiH4). 
No post-annealing process is necessary. The HRTEM 



measurements and PL results indicate the formation of 
Si-NCs with a hexagonal structure and good tunability 
of the optical bandgap under the growth conditions. The 
blueshift in the PL peak with a decreasing SiH4 flow rate 
can be attributed to the three-dimensional quantum 
confinement effect in the hexagonal Si-NCs. These 
results demonstrate the viable potential of this method 
for the fabrication of silicon-based third-generation 
photovoltaics. 
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